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Introduction
South Africa experienced the worst drought in decades in 2016. This current drought has left many towns and cities with extremely compromised water supply systems, and food production has been limited across the country, thus placing pressure on the already fragile economy. In order to avert a future water crisis, the country needs to reduce its reliance on conventional surface water schemes based on impoundments on rivers and to seek alternative sources of water supply. Within urban areas, municipalities must find ways to adapt to, and mitigate the threats from, water insecurity resulting from, inter alia, droughts, climate change and increasing water demand driven by population growth and rising standards of living. Stormwater harvesting (SWH) is one alternative water resource that could supplement traditional urban water supplies, as well as simultaneously offer a range of benefits including the management of flooding and the provision of recreational areas. For the purposes of this paper, SWH refers to the collection and storage of run-off from an urban region and its subsequent use irrespective of location, and is usually implemented by the relevant local authority. 1 In comparison, rainwater harvesting is the collection and storage of run-off from an individual property (usually from the roofs of buildings) and its subsequent private use within that property. 1 Based on the results of recent research in South Africa 1 , as well as a review of the relevant international literature, we set out three position statements in this paper relating to how SWH can contribute to: improving water security and increasing resilience to climate change in urban areas; preventing frequent flooding; and providing additional benefits to society, such as creating amenity and preserving biodiversity. We have included priority research areas for the future in order to identify and support the appropriate uptake of SWH in South Africa, as well as recommendations regarding issues that need to be addressed to enable this research.
Position 1: Stormwater harvesting improves water security
The Atlantis Water Resource Management Scheme (AWRMS) has been in operation since 1979 2 and provides a useful South African example of SWH on a large scale. An important design aspect of this SWH system was the use of the town of Atlantis as a significant component of the catchment. The town was planned with separate residential and industrial areas, which allowed for the separation of high-and low-quality wastewater effluent. Stormwater and higher-quality treated municipal effluent are used to recharge an unconfined aquifer for later extraction and use. Low-quality water is disposed through recharge near the coast in such a way as to create a hydraulic barrier between the cleaner groundwater and the seawater. 3 The AWRMS has successfully ensured a supply of water for the town of Atlantis over the last 37 years, with approximately 30% of the groundwater supply augmented through artificial recharge. Interestingly, the establishment of the scheme was initially in response to the need to find an alternative to marine wastewater discharge 2 , but after many successful years in operation, it is now seen internationally as an exemplar of a stormwater and wastewater reuse scheme 4 .
Aside from the AWRMS, SWH has not been widely exploited in South Africa, and is limited to a number of small on-site systems used for irrigation at factories or distribution centres -even though the possibility of widespread use of stormwater as a resource in the country was mooted some time ago. 5 The reasons for this are not entirely clear, but may relate to issues of social perception, as well as institutional processes associated with the operation and maintenance of such schemes.
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January/February 2017 significant climatic variation across South Africa, he found that SWH had the potential to reduce the total current residential potable water demand of the catchment by more than 20% if the stored stormwater was used for non-potable purposes such as irrigation and toilet flushing -a significant saving for the City of Cape Town. However, in order for such reductions in water demand to be realised, the vast majority of residents and businesses would be required to make use of harvested stormwater. This requirement would likely necessitate changes in the regulations related to the supply of water in the City of Cape Town. Additionally, as Ellis et al. 6 indicated as part of their research in South Africa, significant social and institutional barriers -similar to those encountered elsewhere in the world 7-10 -may be an impediment to the adoption of SWH. This highlights the need for further research that accounts for the local context as most of the existing research into the implications of SWH has been undertaken in developed countries. International examples of large-scale SWH include:
• Singapore -which has one of the most comprehensive SWH systems that has proven itself to be a useful high-quality water resource.
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• USA and Australia -harvested stormwater is used for a range of end uses including irrigation, toilet flushing, commercial and industrial uses. 4 Of significant concern to water resource planners is the uncertainty of the effects of climate change on water resources. For example, FisherJeffes 1 highlighted that for a catchment in Cape Town, evaporation is expected to increase, while precipitation is expected to decrease. Using adjusted run-off data, the analysis showed that, based on the expected changes in evaporation and precipitation from 31 different climate change scenarios, it is very likely that SWH systems (as with other water resource schemes) will be negatively impacted by climate change. Losses could, however, be reduced through the use of managed aquifer recharge in place of open storage -as is the case for the AWRMS.
While local and international examples provide support for the wider adoption of SWH to address water security in South Africa, local climatic factors can influence its viability. In Cape Town, for example, the Mediterranean-type climate results in most of the harvestable stormwater being available during the wet winter months, when the reservoirs are typically filling in any case. Harvesting stormwater during this time may seem unnecessary; however, it could be utilised as a way to reduce normal demand from the city's reservoirs during the wet winter months (by increasing the rate at and level to which these reservoirs fill up) -thereby ensuring an increase in the availability of water during the dry summer months.
Position 2: Stormwater harvesting prevents flooding
SWH schemes all make use of some form of storage system. Some make use of retention ponds, while others make use of temporary detention ponds before either infiltrating or injecting water into an aquifer -also known as managed aquifer recharge. In either casedetention or retention -run-off is detained in an open storage system. The functioning of detention and retention ponds is well known 12, 13 : by storing run-off volume, downstream flows are attenuated, resulting in reduced flooding. International case studies have demonstrated these benefits of SWH systems. 4 Fisher-Jeffes 1 demonstrated the impact that such reductions in peak flows might have on flooding (and flood risks) using a two-dimensional flooding model. Figure 1 illustrates the flood hazard levels -using the City of Cape Town's definition of flood hazard (a combination of depth and velocity of water) 14 -for a storm event on 12 July 2009, with and without SWH. It is evident that SWH has the potential to significantly reduce flood risks in storm events.
A further opportunity exists for stormwater managers to actively manage SWH systems using real-time control in such a manner that, prior to a predicted storm event, the storage is partially emptied. In this way, significant attenuation could be achieved without compromising the ability to meet water demand. This option would require the development of a calibrated run-off model that could make use of predicted rainfall to estimate the run-off for a particular storm. Based on the anticipated runoff, the stormwater manager could partially empty the SWH system's storage a day or more before the rain event (depending on the availability of rainfall predictions), resulting in an increase in the pre-event flow rate in the river, but a decrease in the peak flows, which could prevent flooding. 
Position 3: Stormwater harvesting provides additional benefits
There is extensive literature on the value of the substantial benefits that natural assets -parks, wetlands, ponds etc. -can offer society. 15, 16 In one such study, De Wit et al. 15 investigated the value of natural assets in the City of Cape Town. Through their own investigation and review of the literature, the authors monetised the value of different natural assets and ecosystem goods and services -including amenity value, biodiversity values, and water treatment capabilities. Whilst parks, wetlands and open spaces, such as those that might be created for SWH systems are typically considered to provide a positive amenity value, De Wit et al. 15 note that some can create negative amenity, particularly if they are not maintained, or even provide a risk to society. Fisher-Jeffes 1 equated the positive amenity generated by SWH to an estimated ZAR2-7.2 million per year in 2013 for the Liesbeek River Catchment -a catchment of only 2600 hectares. It is also worth recognising that by using harvested stormwater it will be possible to delay, and possibly avoid, the need for future water schemes based on impoundments on rivers. In so doing, SWH indirectly protects the ecosystem services that are naturally provided from being destroyed. Furthermore, if intentionally designed, SWH can offer significant multifunctional use and amenity benefitssuch as recreational areas -and can aid in supporting biodiversity and mitigating urban 'heat island' effects, e.g. through the formation of 'bluegreen' corridors with indigenous vegetation.
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Future research
Current research in South Africa has thus far focused on the financial, economic, technical and practical viability of SWH and has highlighted the need for further investigation, including into the social aspects of SWH -such as whether all sectors of South African society would be willing to use harvested stormwater, and if so, for which end uses they would be willing to use it? The preliminary study in the Liesbeek River Catchment 1 highlighted the potential for conducting future research into using SWH combined with real-time control to significantly reduce flooding during major storm events, as well as mitigating water scarcity. Similarly, research is required to determine whether SWH might be especially valuable as a water supply during droughts, as run-off from urbanised areas is typically greater than that from natural catchments during these events because of the extent of impervious areas. The experience and knowledge from the AWRMS should be expanded into studies on the viability of managed aquifer recharge systems to store and treat stormwater -using both confined as well as unconfined aquifers.
Most importantly, research thus far has highlighted that many issues need to be addressed to enable future studies, including the installation of basic monitoring and data logging (rainfall, flow and quality) equipment across urban areas in South Africa, to address the urgent need for basic calibration data.
Conclusions
Stormwater harvesting offers an alternative water supply source -one that is almost entirely untapped in South Africa -that could ensure improved water security for towns and cities across the country. While stormwater could be treated to potable standards -as has been done in Singapore -it may not be economically feasible or desirable and it may be preferable to use the stored water for non-potable purposes. SWH systems -especially those enhanced with real-time control -could offer additional benefits by mitigating flooding through storing run-off, thereby attenuating downstream flows. SWH can be designed to offer multifunctional use and amenity benefits, and can, through the formation of 'blue-green' corridors, aid in supporting biodiversity and mitigating urban 'heat island' effects.
In conclusion, while there is currently a need for ongoing research to quantify the additional benefits of optimally designed, built and operated SWH systems, indications are that SWH has the potential to contribute to improving water security and increase resilience to the impacts of climate change in urban areas, as well as simultaneously offer a range of social and environmental benefits.
